Objective: To estimate the dietary intake of total polycyclic aromatic hydrocarbons (PAH) and benzo(a)pyrene (BaP), and to characterise factors associated with higher intake during pregnancy. Recent studies suggest that prenatal exposure to PAH is associated with adverse reproductive outcomes. Other than tobacco smoke and occupational exposures, diet is the main source of human PAH exposure. Design: Prospective birth cohort study. Dietary exposure to total PAH and BaP was calculated combining food consumption data and estimated PAH concentrations in foods. One-way ANOVA was used to assess differences in intake among nonsmokers, passive or active smokers. Linear regression was used to assess factors related to higher intake, and associations between dietary PAH and birth weight. Maternal age, educational level and region of origin were also associated with higher BaP intake. In all women, major contributors to PAH intake were processed/ cured meats, cereals/potatoes and shellfish. Elevated first trimester dietary BaP was associated with a significant reduction in birth weight (fourth v. first quartile: b 5 2142?73 g, P value , 0?05). Conclusions: Active and passive smokers had higher dietary PAH exposure during pregnancy because of higher intake of processed meats and shellfish. As tobacco smoke is an additional route of PAH exposure, the added dietary burden in these women is of concern.
Polycyclic aromatic hydrocarbons (PAH), a group of over 100 different chemicals formed during incomplete combustion of organic matter, have potential toxicity, mutagenic and carcinogenic properties, and are widely distributed in the environment, including the food chain (1) . Among these compounds, benzo(a)pyrene (BaP) is best known and has been widely used as a marker of exposure and to analyse the health effects of carcinogenic PAH in food (2) . Several studies have shown that both active and passive tobacco smoke are major sources of exposure to PAH (3, 4) . Other than tobacco smoke, diet is the main source of human exposure to PAH in the non-occupationally exposed populations (1, 5, 6) . Foods can be contaminated by PAH present in polluted air, soil or water. PAH are also formed in foods as a consequence of processing and cooking methods such as drying, smoking, grilling, roasting or frying. The amount of PAH produced during cooking rises with increased fat content, longer exposure to flames and proximity to the heat source (7) . The carcinogenic effects of exposure to PAH have been exhaustively studied and evaluated (1, 2) . However, there is evidence, although limited, on other possible child health effects of prenatal exposure to PAH. Both laboratory and recent epidemiological studies have found associations between prenatal exposure to PAH and adverse reproductive or child health outcomes, including low birth weight and length, preterm birth, reduced head circumference at birth and lower scores on childhood tests of neurodevelopment (8) (9) (10) . These associations have been observed for airborne PAH as well as for DNA adducts, the latter serving as a marker of total PAH exposure, including both airborne and dietary sources.
It is uncertain whether there may be adverse health effects of prenatal exposure arising principally from dietary sources. Moreover, it remains uncertain to what extent intake of micronutrients involved in antioxidant pathways may help to reduce adverse health effects of PAH exposure. Supplementation with vitamin C or higher levels of plasma vitamin A have been associated with lower levels of BaP-DNA adducts (11, 12) . Dietary intake of BaP and total PAH in adults has been estimated in several studies (5, (13) (14) (15) (16) (17) . However, no study has estimated the dietary intake of these compounds among pregnant women. The present study aimed to estimate the dietary intake of BaP and total PAH in a population of pregnancy women, identifying the main dietary sources of these compounds and characterising factors associated with higher intake among women with different tobacco smoke exposure. We also examined the dietary intake of antioxidants in women with different exposure to tobacco. Finally, in order to determine factors that explain variability in intake of PAH, associations between PAH intake and food consumption were assessed.
Materials and methods
Population and study design Data come from a population-based birth cohort established in Sabadell (Catalonia, Spain) as part of the INMAINfancia y Medio Ambiente (Environment and Childhood) Project. Methods have been described previously (18) . Briefly, between July 2004 and July 2006, 657 women were recruited during their first trimester of pregnancy while attending their first ultrasound visit. Questionnaires on dietary habits, socio-economic characteristics, health status, reproductive history, smoking habits during pregnancy and other factors were administered by trained interviewers during the first and third trimesters of pregnancy. Data on tobacco smoke exposure were available for 612 women (93?2 %). Women who smoked throughout pregnancy were defined as current active smokers. The present study was approved by the Clinical Research Ethical Committee of the Municipal Institute of Health Care, and informed consent was signed by all participants.
Dietary assessment
Individual dietary consumption was assessed during recruitment using a 101-item semi-quantitative FFQ that was previously validated in Spanish adults (19) . Items were classified into seventeen food groups: meats, seafood, dairy products, cereals/potatoes, fruit, vegetables, eggs, legumes, dairy desserts, nuts, fats/oils, beverages, alcoholic beverages, sugar, sauces, sweet and salty snacks. Since there were important differences in PAH concentrations among food items classified within the same broad group (e.g. processed/cured meats v. other meats), subcategories were created for the following food groups: meats, seafood, dairy products, cereals/potatoes and fruit. Frequencies of intake were reported using nine categories ranging from 'never or fewer than once a month' to '6 times or more per day'. Women were asked for their usual intake frequency of each food item since the start of pregnancy. Daily intake (g/d) was estimated using reference portion sizes typical in Spanish adults (20) . In addition, daily intakes of energy, fat (as PAH are lipophilic) (1) , folate and several antioxidant micronutrients (b-carotene and vitamin C) were estimated. Folate may be involved in enzymes responsible for detoxification of contaminants (21) .
Estimation of total polycyclic aromatic hydrocarbons and benzo(a)pyrene intake First, a compilation of all available data on food concentrations of the sum of up to sixteen PAH (benz(a) anthracene, benzo(b)fluoranthene, benzo( j )fluoranthene, benzo(k)fluoranthene, benzo(g,h,i)perylene, benzo(a)-pyrene, chrysene, cyclopenta(c,d)pyrene, dibenz(a,h)-anthracene, dibenzo(a,e)pyrene, dibenzo(a,h)pyrene, dibenzo(a,i)pyrene, dibenzo(a,l)pyrene, indeno(1,2,3-cd)pyrene, 5-methylchrysene, 7H-benzo(c)fluorene) and BaP individually were undertaken to construct a food composition table with estimated levels of PAH in the 101 food items in the FFQ. Exclusion criteria for the selection of eligible values included (i) values published before 1990 and (ii) values from possibly highly polluted settings (e.g. foods locally produced in oil-producing countries such as Kuwait) (22) . In addition, several extreme outliers (e.g. three fold higher than all other published data in foods with elevated concentrations) were also excluded to avoid unduly influencing the mean values. When published values were below detection limits, or not detectable, half the detection limit was assigned (see Appendix 1 for sources of published data). Average concentrations for the sum of PAH (hereafter 'total PAH') and BaP in each food were calculated using (i) all available eligible data and (ii) all available data excluding the highest and the lowest value -a trimmed mean (TM). When no data were available for a food item in the FFQ, concentrations of PAH were imputed from similar items (e.g. values for skimmed milk were imputed from semi-skimmed milk).
Finally, daily PAH intake was estimated by multiplying food item concentrations of BaP and total PAH by intake in grams for each woman. For example, in women who report consuming a standard serving of cured ham (50 g, about two to three slices) once a day, given a concentration of 0?077 mg/100 g, the mean daily intake of BaP from this food would be 0?038 mg. The total dietary intake of these compounds was assessed by summing the intake of all food items. The mean concentrations of BaP and total PAH in each food group were also calculated and expressed as mg/100 g.
Other variables
Pre-pregnancy BMI (self-reported weight (kg)/height (m 2 )), age, social class based on occupation, educational level (university, secondary, primary or below), region of origin (Europe, Latin America) and parity were collected by questionnaire in the first trimester of pregnancy. Social class was classified based on the Spanish Society of Epidemiology guidelines (23) . Tobacco smoke exposure was collected during the third trimester and categorised into three groups: (i) active smokers (women who reported any smoking during pregnancy); (ii) passive smokers (women residing with an active smoker or exposed to tobacco smoke at their place of work); and (iii) non-smokers unexposed to passive smoke.
Statistical analysis
The intake of BaP and total PAH, food groups, micronutrients (folate, b-carotene, vitamin C), total fat and energy was estimated for non-smokers, passive and active smokers and expressed as means and standard deviations. One-way ANOVA was used to identify significant differences in intake among smoking groups. To identify the main food sources of BaP and total PAH, the mean intake of these compounds (mg/d) and the proportion contributed to total intake were calculated for each food group stratified by tobacco smoke exposure. Multiple linear regression models were used to assess whether tobacco smoke exposure was associated with higher intake of BaP and total PAH after adjusting for education, region of origin and age. Several potential covariates that were not significantly related to PAH intake (social class, BMI, marital status and parity) were excluded from the final model for parsimony. In separate models, associations between food group intake and intake of BaP and total PAH were estimated in order to determine which food groups were most predictive of high dietary PAH intake among pregnant women. We also used multivariate linear models to analyse the association between dietary PAH and birth weight, adjusting for tobacco use and the covariates listed above; preterm births were excluded from the present analysis. Data were analysed using the STATA Statistical software package version 10?1 (Stata Corp., College Station, TX, USA). Figure 1 shows the mean concentrations of BaP and total PAH estimated for each food group (see Appendix 2 for items included in each food group). The food group with the highest levels of BaP was shellfish (0?110 mg/100 g), followed by alcoholic beverages (0?077 mg/100 g) and processed fish (0?043 mg/100 g). For total PAH, the highest levels were found in processed fish (2?358 mg/100 g), processed/cured meats (2?124 mg/100 g) and nuts (1?528 mg/ 100 g). Using the more conservative estimation of BaP concentrations (the TM, which excluded the highest and the lowest published values) did not influence the ranking (a) (b) Fig. 1 Mean concentration (mg/100 g) of (a) benzo(a)pyrene (BaP) ( , BaP; , BaP trimmed mean) and (b) total polycyclic aromatic hydrocarbons (total PAH) ( , total PAH; , total PAH trimmed mean) for food groups used to estimate intake of these compounds among pregnant women from the INMA-Sabadell cohort of the top three contaminated food groups. For total PAH, use of the TM levels changed this ranking slightly, with nuts, processed fish and bread becoming the most contaminated food groups. As shown in Table 1 , the mean dietary intake of BaP and total PAH was significantly higher in active smokers (0?199 and 10?207 mg/d, respectively) and passive smokers (0?197 and 9?427 mg/d) than in non-smokers (0?182 and 8?850 mg/d; P value 0?005 and , 0?001). During the third trimester, the dietary intake of BaP and total PAH was similar, remaining significantly higher among active smokers (0?196 and 11?425 mg/d, respectively) and passive smokers (0?187 and 10?167 mg/d) than in non-smokers (0?181 and 9?900 mg/d; P value 0?040 and , 0?001). For each smoking group, intake in the first v. third trimester did not differ significantly (t test, P values . 0?05). Higher PAH intake in active and passive smokers was attributable to a significantly higher consumption of processed/cured meats, shellfish, milk/yoghurt, bread, sweet dairy foods, alcoholic beverages and sugar (Table 1 ). In addition, both active and passive smokers had a lower intake of fruit than non-smokers (P value 0?002). Active smokers also had a lower intake of b-carotene and vitamin C than passive and non-smokers (P value , 0?05). After multivariate adjustment, both active and passive smoking during pregnancy were associated with a higher dietary intake of BaP and total PAH ( Table 2) . Older age, lower educational level and Latin American origin were also associated with dietary exposure to BaP. Given that different dietary patterns were observed for passive and active smokers, food groups that were major contributors to PAH intake also differed to some extent among women in these smoking groups (Table 3) . For BaP, the main contributors were vegetables (16?61 % and 16?27 % of total intake) and fruit (15?86 % and 15?26 %) in non-smokers and passive smokers, respectively, v. seafood and vegetables in active smokers. The major contributors to total PAH intake among women in each smoking group were processed/cured meat, cereals/potatoes and seafood (Table 3 ). For three of the five major contributors to PAH intake (fruit, vegetables and cereals/potatoes), the corresponding food group intake (see Table 1 ) was also relatively high. In contrast, the mean food intake of the other principal dietary PAH sources -shellfish and processed/cured meats -was relatively low. The food groups that most strongly predicted high intake of both BaP and total PAH were shellfish and processed/cured meats (Table 4 ; coefficients with their standard errors for shellfish and processed/cured meats were 1?57 (SE 0?06) and 0?76 (SE 0?03), respectively, for BaP v. coefficients ranging from 20?11 (SE 0?05) to 0?49 (SE 0?06) for other food groups). Fruit, vegetables and cereals/potatoes, though important food sources of PAH, explained a relatively small portion of variability in intake, and were thus weak predictors of elevated intake.
Results
Finally, the first trimester intake of BaP, but not total PAH, was associated with lower birth weight after adjusting for potential confounders including cigarette smoke exposure. The mean birth weight was 142?73 g lower for the fourth than the first quartile of dietary BaP exposure (P value ,0?05). The dietary intake of PAH in the third trimester was not associated with birth weight.
Discussion
In this cohort of pregnant women from Spain, women who smoked actively or were exposed to passive smoke had higher exposure to dietary PAH during pregnancy than did unexposed non-smokers. Higher intake in women exposed to tobacco smoke was due mainly to their higher intake of processed meats and shellfish, both important sources of PAH exposure. Moreover, dietary BaP in the first trimester was associated with a small, but significant reduction in birth weight. Given this finding and previous evidence of possible adverse child health outcomes such as low birth weight and poor neurodevelopment associated with PAH exposure during pregnancy (8) (9) (10) , the dietary contribution to PAH exposure in this population -particularly in women already exposed to PAH via tobacco smoke -is of concern. In addition to smoking habits, older maternal age, primary-school education and Latin American origin were associated with higher dietary exposure to BaP.
Estimates of daily intake of both BaP (0?19 mg/d) and total PAH (9?28 mg/d) in this population of pregnant women were in a range comparable to levels previously reported in Spain (13, 14, 17) and other European countries (3, (24) (25) (26) . For example, our estimates of dietary BaP (3, 13, 14, 17, (24) (25) (26) (27) . Such differences could be explained by disparities in dietary habits or the populations studied (all adults, adult women v. pregnant women), but may also be due to differences in the methods used to assess dietary intake or estimates of PAH concentrations.
In this population, cereals, processed/cured meat, shellfish, fruit and vegetables were the major contributors to total dietary daily intake of PAH. Previous Spanish studies (13, 14, 27) , and other European studies (3, 24) , have also found cereals to be the highest contributor to total PAH intake. However, it is important to note that while the high contribution of cereals and vegetables was due to high levels of intake (mean intake of 260?925 and 350?479 g/d for cereals and vegetables, respectively), the high contribution of processed meat and shellfish to PAH intake was due mainly to the high concentrations of these compounds in these foods, as the intake of these foods was quite low (30?137 and 19?111 g/d, respectively). Indeed, the high intake of shellfish and processed meats was more strongly predictive of the high intake of BaP and total PAH than was the high intake of cereals and vegetables. Thus, substantial reductions in PAH intake could be achieved by reducing the intake of processed meats and shellfish during pregnancy, which is in keeping with the dietary guidelines for pregnant women (28) . The results of the present study indicate that smoking during pregnancy is associated with higher dietary PAH intake in our population. However, in an earlier study in Spain, Ibáñez et al. (13) did not find significant differences in PAH intake associated with smoking habits in the general population. The reasons for this difference are uncertain, although lower levels of smoking in pregnant women (16?51 % in the present study v. 25?07 % in the study of Ibáñez et al.) (13) or differences in food intake in the general population v. pregnant women may be contributory factors. Although it is accepted that, barring occupational exposure, smoking is the main source of PAH exposure in active smokers, diet is a significant source of PAH exposure in both smokers and non-smokers. Previous studies have estimated the total PAH intake from cigarettes to be in the range of 0?806-0?934 mg per cigarette (29) . Consequently, for the typical smoking woman in the present study, with a mean consumption of five cigarettes per day, the smoking-related exposure may be approximately 4?03-4?67 mg/d, and the contribution of dietary PAH (mean 10?2 mg/d) on the order of 68-72 % of total exposure. Moreover, dietary PAH has been associated with higher levels of BaP-DNA adducts in both smokers and non-smokers (30) and dietary intake more strongly correlated than ambient air with urinary metabolites of PAH exposure in earlier studies (6) . Passive smoke may be a substantial source of PAH exposure; it has been found that PAH concentrations are approximately 2-to 4-fold higher in sidestream smoke than in mainstream smoke (31) . Moreover, PAH-DNA adducts have been found in the placenta of women passively exposed to cigarette smoke during pregnancy. This suggests that involuntary exposure to tobacco smoke could affect the functions of the placental cells and consequently be a source of genotoxicity during fetal development (32) . For this reason, the relatively high dietary exposure to PAH found not only among active smokers, but also among women with substantial passive exposure to tobacco smoke, is of concern.
Similar to our findings, numerous studies have shown that smokers generally have poorer-quality diets than nonsmokers, with food choices that tend to favour energydense foods high in dietary fats and relatively poor in nutrient content (33) . Besides the higher intake of foods with high concentrations of PAH, smokers and women exposed to passive smoke also consumed lower levels of antioxidant-rich foods such as fruit and vegetables, as well as having a higher intake of dietary fat and total energy. Both the estimated intake of b-carotene and vitamin C and plasma measures of vitamin C were significantly lower in active smokers than in women who did not smoke during pregnancy. Given the potential for these nutrients to help reduce or counter the adverse effects of PAH exposure (11) , this dietary pattern is an additional concern.
Since PAH concentrations in food, particularly meat, increase depending on the cooking method used (5, 7) , the fact that data on the use of different cooking methods were not collected is a limitation of the present study. However, estimates of the use of cooking methods associated with the highest levels of PAH, such as barbecuing (34) , are relatively low (1 %) in the Spanish population (35) . We calculated a weighted mean of BaP and total PAH for meat items based on the proportions of use of different cooking methods in the Spanish population estimated in the European Prospective Investigation into Cancer and Nutrition study (35) . The strength of the present study is that we estimated the intake of dietary PAH based on concentrations in individual foods, which enabled us to report the intake for fairly refined food subgroups. Focusing on more refined food subgroups enabled us to quantify the relevance of more specific food sources of PAH exposure, such as processed/cured meats and shellfish, rather than of meats or seafood as a whole. In addition, we included an analysis to identify food groups predictive of high levels of intake, which facilitates the development of recommendations to aid pregnant women to reduce their exposure to these compounds.
In conclusion, the present study provides an estimate of dietary exposure to BaP and total PAH in pregnant Spanish women, and identifies population subgroups with the highest levels of exposure, as well as the food groups that predict dietary exposure to these compounds. The finding of higher intake among women exposed to tobacco smoke suggests that, in addition to confounding by smoking habits in research on reproductive health effects of dietary PAH exposure, dietary PAH exposure may also be an important source of additional risk in studies on effects of prenatal cigarette smoke exposure.
